ACh may set the dynamics of cortical function to those appropriate for learning new information.
In models of the putative associative memory function of piriform cortex, selective suppression of intrinsic but not afferent fiber synaptic transmission by ACh prevents recall of previous input from interfering with the learning of new input (Hasselmo, 1993) . Selective cholinergic suppression may play a similar role in the hippocampal formation, where Schaffer collateral synapses in stratum radiatum (s. rad) may store associations between activity in region CA3 and the entorhinal cortex input to region CA1 terminating in stratum lacunosum-moleculare (s. l-m). A computational model of region CA1 predicts that for effective associative memory function of the Schaffer collaterals, cholinergic suppression of synaptic transmission should be stronger in s. rad than in s. l-m. In the hippocampal slice preparation, we tested the effect of the cholinergic agonist carbachol (0.01-500 PM) on synaptic transmission in s. rad and s. l-m. Stimulating and recording electrodes were simultaneously placed in both layers, allowing analysis of the effect of carbachol on synaptic potentials in both layers during the same perfusion in each slice. Carbachol produced a significantly stronger suppression of stimulus-evoked EPSPs in s. rad than in s. I-m at all concentrations greater than 1 FM. At 100 PM, EPSP initial slopes were suppressed by 89.1 * 3.0% in s. rad, but only by 40.1 + 4.1% in s. l-m. The muscarinic antagonist atropine (1 PM) blocked cholinergic suppression in both layers. These data support the hypothesis that synaptic modification of the Schaffer collaterals may store associations between activity in region CA3 and the afferent input to region CA1 from the entorhinal cortex. In simulations, feedback regulation of cholinergic modulation based on activity in region CA1 sets the appropriate dynamics of learning for novel associations, and recall for familiar associations.
[Key words: ACb, hippocampus, associative memory, selforganization, synaptic modification, presynaptic inhibition, muscarinic, stratum radiatum, stratum lacunosum-molecu-/are] ACh suppresses excitatory synaptic transmission in many regions of the cortex, including the piriform cortex (Williams and Constanti, 1988; ) the dentate gyrus (Yamamoto and Kawai, 1967; Kahle and Cotman, 1989; Burgard and Sarvey, 1990 ) region CA1 of the hippocampus (Hounsgaard, 1978; Valentino and Dingledine, 198 1; Dutar and Nicoll, 1988; Blitzer et al., 1990; Sheridan and Sutor, 1990) and neocortical structures (Brother et al., 1992) . The memory impairment caused by muscarinic antagonists or lesions of cortical cholinergic innervation (Beatty and Carbone, 1980; Walker and Olton, 1984; Spencer et al., 1985; Kopelman, 1986; Hagan and Morris, 1989 ) may be due to blockade of this cholinergic suppression. Computational modeling suggests that selective cholinergic suppression of synaptic transmission may be essential to associative memory function within cortical structures Hasselmo, 1993 Hasselmo, , 1994 Hasselmo and Bower, 1993; Barkai and Hasselmo, 1994b) .
Associative memory function involves the learned capacity for a specific pattern of activity in one population of cortical neurons to elicit an associated pattern of activity in another population of cortical neurons (Grossberg, 1970; Anderson, 1972 Anderson, , 1983 Amit, 1988; Kohonen, 1988; Hasselmo, 1993 Hasselmo, , 1994 . Learning of these associations is commonly obtained by strengthening excitatory synapses between neurons based on concurrent pre-and postsynaptic activity (e.g., the Hebb rule). However, to prevent recall of previously learned associations from altering the new association, the modifiable synapses must not be the predominant influence on postsynaptic activity during learning Hasselmo, 1993) . If modifiable synapses are the predominant influence on postsynaptic activity during learning, then these synapses undergo self-organization (Von der Malsburg, 1973; Grossberg, 1976; Linsker, 1988; Miller et al., 1989; Hasselmo, 1994) .
In the piriform (olfactory) cortex (see Fig. l ), ACh selectively suppresses synaptic transmission at excitatory intrinsic synapses between pyramidal cells, while having little effect on synaptic transmission at afferent fibers arising from the olfactory bulb (Hasseimo and Bower, 1992) . In models ofpiriform cortex Barkai and Hasselmo, 1994a,b; Hasselmo, 1993 Hasselmo, , 1994 suppression of intrinsic fiber synaptic transmission during learning prevents the recall of previously stored associations from interfering with the learning of new associations. At the same time, the weaker influence on afferent fiber synapses allows them to undergo self-organization, and to set the pattern of activity to be learned (Hasseimo, 1994) .
These results may apply to cholinergic modulation of memory function in the hippocampus as well. As shown in Figure 1 , the pyramidal cells of region CA1 receive excitatory synaptic input from different cortical regions in different layers. In the proximal layer, stratum radiatum (s. rad), these neurons receive excitatory synapses of the Schaffer collaterals, which arise from region CA3 (see Amaral and Witter, 1989, for review) . In the distal layer, stratum lacunosum-moleculare (s. l-m), these neurons receive excitatory synapses of the perforant pathway arising from layer III ofthe entorhinal cortex (Lorente de No, 1938; Steward, 1976; Witter et al., 1988) . A considerable amount of research has focused on the possible Hebbian nature of synaptic modification at the Schaffer collaterals (Kelso et al., 1986; Wigstrom et al., 1986; Gustafsson and Wigstrom, 1988) . Some researchers have proposed that this Hebbian synaptic modification underlies heteroassociative memory function at the Schaffer collaterals, allowing these synapses to store associations between the activity of region CA3 and the afferent input from entorhinal cortex (Levy, 1989; Eichenbaum and Buckingham, 1990; Levy et al., 1990; McNaughton, 199 1) . This could allow the region to perform a comparison of the output of region CA3 with the current afferent input from the entorhinal cortex (Levy, 1989; Eichenbaum and Buckingham, 1990; Levy et al., 1990) . In contrast, other models have proposed that the Schaffer collaterals undergo competitive self-organization (Rolls, 199 1) .
The possible comparison function of region CA1 could allow activity in this area to reflect the novelty or familiarity of a pattern of afferent input, and thereby to regulate its own cholinergic modulation for the appropriate dynamics of learning or recall. This comparison function requires that the Schaffer collaterals have the capacity to perform effective heteroassociative memory function, rather than only to undergo self-organization. The simulations presented here show that if the Schaffer collaterals have heteroassociative memory function, this would require that ACh should suppress synaptic transmission more strongly in s. rad than in s. l-m. Previous studies have demonstrated a strong cholinergic suppression of synaptic transmission at the Schaffer collateral-CA 1 synapse (Hounsgaard, 1978; Valentino and Dingledine, 198 1; Dutar and Nicoll, 1988; Sheridan and Sutor, 1990) but no studies have analyzed the effects of cholinergic modulation in s. l-m. In the experimental work presented here, we demonstrate that cholinergic suppression of synaptic transmission is indeed stronger in stratum radiatum than in stratum lacunosum-moleculare, supporting the theory ofassociative memory function at the Schaffer collaterals.
Materials and Methods Computational modeling
The effect of the cholinergic suppression of synaptic transmission in stratum radiatum (s. rad) and stratum lacunosum-moleculare (s. l-m) on the function of region CA1 was explored in a simple computational simulation. The simulation contained representations of entorhinal cortex layer III and regions CA1 and CA3 of the hippocampus, with excitatory and inhibitory synaptic connectivity and the effects of cholinergic modulation. As shown in Figure 2 , the simulation incorporated both the perforant pathway input from entorhinal cortex, terminating in stratum lacunosum-moleculare of region CAl, as well as the Schaffer collateral input from region CA3, terminating in stratum radiatum of region CA 1. These inputs influenced the activity of pyramidal cells in region CA 1.
Simulations evaluated how the choline& suppression of synaptic transmission influenced the self-regulated heteroassociative memory function of Schaffer collateral synapses. Thus, in these simulations, activity patterns were induced sequentially in the entorhinal cortex and region CA3. When the Schaffer collaterals showed effective heteroassociative memory function, they could store associations between the activity in region CA3 and the coincident activity induced in region showing the laminar segregation of excitatory synapses. Perlorant path fibers from the entorhinal cortex layer III (EC ZZZI terminate on the distal dendrites of pyramidal cells instratum lacunosum-moleculare (3. I-m). Schaffer collateral axons arising from region CA3 pyramidal cells terminate on the proximal dendrites of pyramidal cells in stratum radiatum (s. rud). In simulations, selective cholinergic suppression of Schaffer collaterals allows them to store associations between activity in region CA3 and the input from entorhinal cortex. Cholinergic suppression of synaptic transmission at the Schaffer collaterals has been demonstrated (AC/z), but choline@ suppression of synaptic transmission at the perforant path synapses in s. l-m has not been studied previously (No ACh.?). B, Schematic representation of the piriform cortex showing laminar segregation of excitatory synapses. Afferent fibers from the olfactory bulb (OB) terminate in layer la, while intrinsic and association fibers arising from cortical pyramidal cells terminate in layer 1 b. Cholinergic suppression of synaptic transmission in layer 1 b (AC%) but not layer 1 a (No ACh) has been demonstrated previously Bower, 1992, 1993) .
CA1 by input from the entorhinal cortex. The recall ofthese associations could be tested by inducing activity in region CA3 alone and evaluating how closely the activity spreading into region CA1 resembled the activity previously provided by input from the entorhinal cortex.
Most previous models of autoassociative and heteroassociative memory function externally set the dynamics appropriate for learning or recall within the network (Anderson, 1972; Hopfield, 1984; Amit, 1988; Kohonen, 1988) . In the simulations presented here, however, the dynamics of learning and recall were determined entirely by internal selfregulation of cholinergic modulation. Thus, when the sequence of patterns was presented, the network could respond with appropriate dynamics for learning or recall. When the pattern pair was novel, cholinergic modulation remained high, allowing appropriate dynamics for learning. When the pattern pair was familiar, the output of the network decreased cholinergic modulation, thereby setting appropriate dynamics for recall. Thus, the testing of heteroassociative memory function did The membrane potential of CA1 pyramidal cells cA,u, is influenced by excitatory input from entorhinal cortex (EC) via synapses of the perforant path in s. l-m (&,) and from region CA3 via synapses of the Schaffer collaterals in s. rad (R,,) . In addition, these neurons are influenced by feedforward inhibition activated by entorhinal input and by CA3 input as well as feedback inhibition triggered by the output ofother CA1 neurons (see Materials and Methods). Cholinergic suppression of synaptic transmission due to ACh released from neurons of the medial septum and vertical limb of the diagonal band of Broca is represented by (I -$C,) in s. l-m (L,,) and by (I -$C,) in s. rad (R,,) . The summed output of region CA 1 [Zg(cA,a,)] decreases the level of cholinergic modulation from the medial septum. -This allows feedback regulation of cholinergic modulation by region CA1 to determine directly when it is in a state of learning and when it is in a state of recall (see Materials and Methods).
not involve a separate stage of testing recall, but could be performed by presenting only the CA3 component of previously learned pattern pairs.
Spread of activity
In the model, an activation variable (a) represented the depolarization of the membrane potential of each pyramidal cell from resting potential. This variable was influenced by the sum of excitatory and inhibitory synaptic inputs, n n -g ..,H,,*&,m),
where cAla, represents the activity of neuron i in region CAl, ,,a, represents the activity of neuron j in entorhinal cortex, and cA3uk represents the activity of neuron kin region CA3, as shown in Figure 2 . The input/ output function g(.) was a nonlinear threshold function with the following characteristics: for ..a, -0 > 0, g&u,) = ,,a, -8; for ,,a, -0 2 0, g&u,) = 0. The threshold 0 was set at 0.4 for region CA 1. L,, represents the strength of each synapse in stratum lacunosum-moleculare from neuron j in entorhinal cortex to neuron i in region CAl, as shown in Figure 2 . R,, represents the strength of each synapse in stratum radiatum from neuron k in region CA3 to neuron i in region CAl.
For clarity in the examples showing heteroassociative memory function, the synaptic connectivity matrix in s. l-m (&,,) was assumed to consist of the identity matrix, such that the activity m entorhinal cortex spread to the CA1 pyramidal cells without a change in pattern. In additional simulations, the L,, matrix started with random initial connectivity, allowing more complex transformations of entorhinal cortex output to be formed by self-organization of the synapses in s. l-m. In keeping with physiological evidence showing that synapses in s. l-m have a much weaker influence than synapses in s. rad (Andersen et al., 1966; Doller and Weight, 1982; Yeckel and Berger, 1990; Colbert and Levy, 1992) , each synapse in s. l-m had a total strength of 0.4 in simulations of pure heteroassociative memory function. Since L,, was the identity matrix in these simulations, the total input to each CA1 neuron from s. l-m was therefore 0.4. In contrast, the synaptic connectivity matrix in s. rad (R,,) started with random initial connection strengths with a mean of 0.157, giving an average initial input of 6aO.157 = 0.942 for patterns in which six neurons in region CA3 had output 1 .O. Synapses of R,, could not be weaker than 0.1 or stronger than 0.5. This difference in strength of synaptic input partly results from the greater distance from the cell body of synapses in s. l-m versus synapses in s. rad. However, analysis of the exact role of the laminar segregation of these synaptic influences will require more detailed biophysical simulations.
In Equation 1 , ,,H,, represents feedforward inhibition mediated by intemeurons of s. l-m activated by perforant path synapses, CAJHjk represents feedforward inhibition in region CA1 due to activity of the Schaffer collaterals from region CA3, and C.,H,, represents feedback inhibition within region CAl. Each inhibitory connectivity matrix was uniform, with individual components of strength 0.1. In some cases, inhibition could induce oscillatory activity within the simulation. In more complex simulations of cortical structures, inhibitory influences with different time constants can induce oscillations with peaks in the power spectra resembling those observed in EEG recordings (Traub et al., 1992; Wilson and Bower, 1992; Liljenstrom and Hasselmo, 1993) . However, the simplified simulation presented here does not systematically attempt to replicate the broad range of evidence for O-type oscillations in the hippocampal formation (Bland and Colom, 1993) . Accurate replication of such oscillations will require development of more detailed simulations of region CA1 similar to those developed for piriform cortex (Wilson and Bower, 1992; Barkai and Hasselmo, 1994a,b; Liljenstrom and Hasselmo, 1993) and region CA3 (Traub et al., 1992) .
Synaptic modijication
The strengths of individual synapses were modified according to a leaming rule with a Hebbian component allowing synapses to grow dependent upon coincident pre-and postsynaptic activity. Long-term potentiation with Hebbian properties has been described in s. rad of region CA1 (Kelso et al., 1986; Wigstrom et al., 1986; Gustafsson and Wigstrom, 1988) . Levy and Colbert (1992) have shown that responses to Schaffer collateral stimulation can be associatively potentiated with stimulation in s. l-m. In the simulation, the synapses also undergo a decay proportional to both postsynaptic activity and the strength of the synapse. A learning rule of this sort has been suggested previously on the basis of experimental data (Levy et al., 1990) and for stability during learning in analytical descriptions (Grossberg, 1976) . While long-term potentiation has been demonstrated in s. l-m (Levy and Colbert, 1992 ) these synapses were not modified in the simulations presented here. In other simulations, modification of these synapses allowed them to undergo self-organization, thereby altering the representation of entorhinal cortex input in region CA 1. The learning rule took the following form for synapses in s. rad (R,J:
As reflected in the notation, the modification threshold 0 took the same value as the output threshold, that is, 0.4. The gain of the learning rule, 7, was set at 1.0 for simulations, while the coefficient of the decay of synaptic strength, 1, was set at 0.04. In simulations of pure heteroassociative memory function, synapses in s. l-m were not modifiable.
neurons in the medial septum and diagonal band was computed in the following form:
Cholinergic modulation
The model contained representations of the physiological effects of acetylcholine within hippocampal region CA 1, as well as a representation of the feedback regulation of the cholinergic modulation of this region. Note that these effects of cholinergic modulation are applied in a diffuse manner throughout the simulation, in keeping with the broadly distributed nature of the cholinergic innervation of the hippocampus arising from the medial septum and the vertical limb of the diagonal band of Broca (Frotscher and Leranth, 1985; Gaykema et al., 1990) , and evidence in neocortical structures supporting the possibility of volume transmission (Umbriaco et al., 1992) . Four different effects of acetylcholine demonstrated in experimental work were incorporated as follows.
Cholinergic suppression of synaptic transmission. Previous experimental work has demonstrated cholinergic suppression of synaptic transmission in s. rad. (Hounsgaard, 1978; Valentino and Dingledine, 198 1; Dutar and Nicoll, 1988; Sheridan and Sutor, 1990 ) but the effects of choline@ modulation on synaptic transmission in s. l-m have been explored only in the experiments presented here. In the simulation, the amount of cholinergic suppression of synaptic transmission was represented by the constants C, for maximal suppression in s. l-m and CR for maximal suppression in s. rad, as shown in Figure 2 . The feedback regulation of cholinergic modulation described below could cause, suppression to go to values lower than these maximal values during the simulation. Thus, the maximal suppression (C,, CR) means the percentage decrease in synaptic transmission in either layer during maximum cholinergic modulation (# = 1 as described in Eq. 3 below). The maximal suppression parameters were varied extensively between 0 and 1 in simulations (e.g., see Figs. 4-7) to explore the effect of different amounts of cholinergic suppression of synaptic transmission.
Cholinergic suppression of neuronal adaptation. Experimental work has demonstrated that cholinergic modulation increases the excitability of neurons in region CA1 due to suppression of voltage-and calciumdependent potassium currents underlying adaptation (Benardo and Prince, 1982; Madison and Nicoll, 1984; Madison et al., 1987) . Characterization of effects of this type in the piriform cortex (Barkai and Hasselmo, 1994a) shows that cholinergic modulation does not appear to change the threshold of the initial response of neurons to excitatory stimulation, but changes the threshold of the adapted response of neurons. This is approximated in the present simulations by decreasing the output threshold 0 proportional to the amount of cholinergic modulation (with a maximum decrease of C, = 0.64 in all simulations shown here).
Cholinergicenhancement ofsynaptic modification. Experimental work
has demonstrated an enhancement of synaptic modification in hippocampal region CA1 in the presence of cholinergic modulation (Burgard and Sarvey, 1989; Blitzer et al., 1990; Huerta and Lisman, 1993) , possibly due to influences of cholinergic modulation on NMDA currents (Markram and Segal, 199 1) . This enhancement of synaptic modification by cholinergic modulation has been incorporated as a decrease in the threshold of synaptic modification (with a maximum decrease of C, = 0.64 in all simulations shown here), and an increase in the coefficient of learning (as described in Eq. 5).
Cholinergic suppression of inhibitory synaptic transmission. Experimental evidence suggests that choline@ modulation simultaneously activates inhibitory intemeurons and decreases inhibitory synaptic transmission (Pitler and Alger, 1992) . In an attempt to represent the net effect of this modulation, the level of feedforward and feedback inhibition within the model was suppressed proportional to the level of cholinergic modulation, with a maximum decrease of C, = 0.8 for all types of inhibition in all simulations shown here. While the values for cholinergic suppression of excitatory synaptic transmission were varied extensively, the other parameters for maximal effects of cholinergic modulation were kept at the same value in these simulations.
Feedback regulation of cholinergic modulation. As a first approximation of the feedback regulation of the activity of cholinergic neurons in the medial septum and vertical limb of the diagonal band of Broca, the level of choline& modulation was decreased proportional to summed activity in region CAl. Activity in the medial septum has been shown to be inhibited by stimulation of the fimbria, which presumably activates efferent fibers from the hippocampus (McLennan and Miller, 1974a,b) . In these simulations, the amount of activity of choline& where I/ represents the level of acetylcholine released within hippocampal region CAl. This equation shows that as the summed output of pyramidal neurons in region CA1 increases, the level of cholinergic modulation decreases. The equation approaches maximum value when there is little or no CA1 output, decreases to half strength when the summed output is equal to the threshold u (set here at 3.0) and approaches 0 as the summed output becomes large. The slope of this function is determined by the gain term .$ (set here at 2.0).
In summary, with cholinergic modulation included, the output function of individual neurons took the following form: for ,,a,
With cholinergic modulation, the activation equation took the form
For example, when there was no region CA1 output, feedback regulation allowed acetylcholine to approach a maximum level ($ = 1). In this case, when maximal suppression in s. rad was 0.8 (CR = 0.8), then synaptic transmission at the synapses R,, would decrease to just over 0.2 of their normal value (1 -#C, = 0.2).
With cholinergic modulation, the learning rule takes the form
Presentation of input patterns
The capability of the network to display heteroassociative memory for different pairs of overlapping input patterns was studied. A small simulation was provided as an example (see Figs. 4, 5) of the learning of two pairs of input patterns. More extensive analysis was performed for a larger simulation examining the learning of five pairs of overlapping patterns (see Figs. 6, 7) . For the large simulation, each pair involved simultaneous induction of (1) a specific pattern of activity in region CA3 &a,) containing six active neurons and (2) a specific associated pattern of activity in the entorhinal cortex (,,a,) containing six active neurons. The activity in entorhinal cortex influenced activity in region CA1 via the synapses of s. l-m (L,) and the activity in region CA3
influenced region CA1 activity via the synapses of s. rad (RJ. Each entorhinal cortex pattern was presented in conjunction with one region CA3 pattern for a set number of simulation steps. After this set number of simulation steps, the presentation of the input pattern pair was halted, and another input pattern pair was presented. Different input pattern pairs were presented sequentially in this manner, as illustrated in Figures 4-7, without any external setting of the dynamics of learning or recall.
The internal feedback regulation of cholinergic modulation determined whether the network learned the pattern pair as new, or responded to it by recalling previously learned pattern pairs. In addition to simultaneous presentation of both input patterns in a pattern pair, during some simulation steps, the individual components of the input pattern pairs were presented without the associated pattern in the other region. Thus, input patterns were presented in three different configurations:
(1) CA3 + EC: patterns of activity induced in both entorhinal cortex and region CA3; (2) CA3 only: pattern of activity induced in region CA3 alone; (3) EC only: pattern of activity induced in the entorhinal cortex alone. When activity was induced in region CA3 alone, activity would spread across the synapses of stratum radiatum into region CA 1. The activity that resulted in region CA1 was then compared with the different pat- 
rud). Stimulation was delivered
alternately to either fiber layer, allowing analysis of the suppression of synaptic transmission in the same slice during the same perfusion. sp, stratum pyramidale; mf; mossy fibers; gr, stratum granulosum; ml, molecular layer. Broken line indicates location of cut to prevent activation of dentate gyms molecular layer.
terns of activity that had been induced in the entorhinal cortex. Similarity between these patterns of activity was evaluated with a performance measure based on normalized dot products. This evaluation of activity patterns was performed across a full range of values for the maximal cholinergic suppression of synaptic transmission in s. l-m and s. rad.
Performance measure-normalized dot product
The function ofthe network was evaluated using a performance measure consisting of the computation of a normalized dot product between the output pattern A in region CA1 and the target pattern B corresponding to the associated input to CA1 from the entorhinal cortex (EC). For patterns A and B, the normalized dot product takes the form
The normalized dot product is equivalent to the cosine of the angle between the two vectors described by the two different patterns of activity. Thus, as the pattern of output in region CA1 becomes more similar to the target input pattern from EC, the normalized dot product goes to 1, and as the patterns of activity become completely nonoverlapping, the normalized dot product goes to 0. This measure has been used previously to evaluate the function of simulations (Kohonen, 1988) . The performance measure was further modified to ensure that it accounted for the discriminability of different patterns of activity. In some cases, if the activity in region CA1 contained elements of all entorhinal cortex patterns, the normalized dot product with undesired patterns could be quite large. To measure whether the network was recalling one pattern well without recalling elements of other learned patterns, the normalized dot product of region CA1 activity A with all other stored patterns C, was subtracted from the normalized dot product of A with the desired pattern B, as follows: AeB
When no activity was elicited in region CA 1, this measure was 0. When activity in region CA3 elicited activity in region CA1 that overlapped strongly with the previously associated pattern in entorhinal cortex, without overlapping with other patterns, this performance measure would increase toward 1. When activity in region CA3 elicited CA1 activity resembling all the patterns ofentorhinal cortex activity, the performance measure went back to 0. This performance measure has been used in previous simulations Hasselmo, 1994 ).
Brain slice physiology
The computational modeling presented above generated a specific prediction about the relative magnitude of the cholinergic suppression of synaptic transmission in s. l-m and s. rad. This prediction was tested in brain slice preparations of rat hippocampal region CA1 (Fig. 3) by analysis of the influence of the cholinergic agonist carbachol on synaptic potentials elicited by stimulation of s. l-m and s. rad. These experiments utilized techniques developed for the comparison of s. l-m and s. rad synaptic potentials in slice preparations (Colbert and Levy, 1992) .
Slice preparations
Brain slices were prepared from 37 female albino Sprague-Dawley rats (Charles River Breeders, Inc.), 5-10 weeks of age, following techniques used in previous studies (Hasselmo and Bower, 199 1, 1992; Barkai and Hasselmo. 1994a ). After anesthetization with halothane, the rats were decapitated, and the brains were removed and immersed in chilled (4-6°C). oxveenated. artificial cerebrosuinal fluid (ACSF) with the followina ionic composition (in mM): NaHCd,, 26; NaCl, 124;'KCl, 2.5; KH,PO,,y 1.2; CaCl,, 2.4; MgSO,, 1.3; and glucose, 10. The hippocampus was removed in a manner similar to that described previously (Alger et al., 1984) . Slices 400 pm thick were cut transverse to the septotemporal axis using a Stoelting tissue chopper. Slices were transferred to vials of ACSF continuously bubbled with a 95% 0,/5% CO, mixture for at least 1 hr. Slices were placed on a nylon mesh in a standard submersion-type slice chamber perfused with ACSF (36 2 l.o"C) at 4 ml/min. Slices were cut along the hippocampal fissure (between the dentate gyrus and region CAl) as described in previous research on s. l-m (Colbert and Levy, 1992a,b; Levy and Colbert, 1992) to prevent responses from being evoked in the dentate gyrus and interfering with the responses recorded in s. l-m (see Fig. 3 ). Slices were transilluminated to allow visually guided placement of stimulating and recording electrodes in both s. rad. and s. l-m. Recording electrodes were glass micropipettes filled with 3 M NaCl solution. Bipolar stimulating electrodes consisted of twisted strands of Teflon-insulated 0.002-inch-diameter platinum-iridium wire (A-M Systems, Inc.).
Stimulation protocol
Stimulation and recording of synaptic potentials was performed in both s. l-m and s. rad of a given slice during perfusion of carbachol, in order to control for the given conditions of the particular trial. Thus, each data point for s. l-m has a counterpart for s. rad. A stimulating electrode was placed in each layer with a recording electrode about 300 wrn orthodromic to it. Electrodes were positioned as illustrated in Figure 3 . In s. rad, the stimulating electrode was placed among the Schaffer collaterals at the center of the CA 1 region, approximately midway between the pyramidal cell layer and the superficial border of s. l-m (both of which are salient visual features). In s. l-m, the stimulating electrode was placed among the perforant path fibers toward the more distal half of s. l-m (closer to the hippocampal fissure), in order to minimize the oossibilitv of stimulatina adiacent s. rad fibers. EPSPs were required to have a minimum amp&de of 0.3 mV, without signs of a population spike.
Stimulus pulses were delivered under control of a Neurodata PG4000 digital stimulator. The stimulus pulses had a duration of 0.02 msec and were delivered at 5 set intervals alternating between the two layers (each layer receiving stimulation every 10 set). Evoked potentials were amplified using a custom-built extracellular amplifier and recorded using custom-written software on a Gateway 2000 386SX computer. Averages of 10 successive digitized traces in a given layer were used in data analysis. In some cases, stimulus intensity was lowered during perfusion of bicuculline to prevent population spikes. Otherwise, stimulation amplitude and electrode placement were kept constant for the duration of an experiment.
A given preparation was considered stable when the amplitude of the EPSP did not change for at least a 10 min period. At this point, the perfusion bath was switched to a drug-containing ACSF solution. 
ACh
Region Pattern
Drug perfusions
All experiments were carried out in the presence of 20 FM (-)-bicuculline methiodide, in order to block the effect of GABAergic inhibitory interneurons. This technique was employed in previous studies of synaptic transmission in s. l-m in CA1 by Colbert and Levy (1992a,b) . This layer contains a significant number of feedforward inhibitory intemeurons that run parallel to the perforant path fibers, and are stimulated simultaneously with them (Kunkel et al., 1988; . The evoked activity in these fibers results in an IPSP in the CA1 pyramidal cell dendrites in close temporal conjunction with the perforant path synaptic activation (Kunkel et al., 1988; thereby obscuring the true height of the EPSP. Colbert and Levy (1992b) report that this GABA, inhibition strongly suppresses the EPSP evoked by perforant path stimulation, and that 20 PM bicuculline antagonizes the inhibition and can even cause CA1 pyramidal cell firing in response to perforant path stimulation. In order to analyze more clearly the effects of carbachol on the perforant path EPSPs, the inhibitory (GABA,-mediated) responses were silenced. Unless mentioned otherwise, all solutions contained bicuculline.
The acetylcholine agonist carbachol (carbamyl choline chloride) was tested on slices in concentrations of 0.0 1,O. 1, 1 .O, 10, 100, and 500 PM. After stable baseline synaptic potentials had been obtained in both, layers in control conditions, perfusion with the carbachol solution was initiated. Once carbachol reached its peak effect, the perfusion bath was switched back to the normal ACSF (20 FM bicuculline) in order to begin a washout period and remove the carbachol from the perfusant. Carbachol was considered to have reached its peak effect when the (altered) size of the EPSP remained stable for at least 3 min following the onset of drug perfusion, or no effect was observed for 10 min. A slice was never tested at the same drug concentration more than once, but some slices were tested at different concentrations in calculation of the doseresponse plot.
Several slices tested at 100 PM carbachol were also perfused with 1 .O FM atropine, in order to assess the subtype of cholinergic receptor involved in mediating the cholinergic effects. In these experiments, the slice was first perfused with 100 PM carbachol, washed to a stable potential, and then perfused with the atropine solution for 10 min. After the atropine perfusion, the slice was perfused with a 100 PM carbachol solution that contained 1 .O PM atropine for at least 5 min. EPSPs were recorded once they had stabilized during each period.
Data analysis
Extracellularly recorded signals were digitized for measurement of the exact value for the peak negative deflections of both the fiber volley and the EPSP of a given trace by manual placement of a cursor. In addition, the initial slope of each potential was calculated. The exact range used for slope calculation was manually selected as that between 25% and 75% of the EPSP amplitude, the region for which the slope was essentially linear. Both the EPSP slope and amplitude were evaluated in interpreting the effects of the particular perfusants on synaptic transmission.
Results

Computational modeling of region CA1
The simulation of region CA1 demonstrated that effective heteroassociative learning depended on selective cholinergic suppression of synaptic transmission in s. rad, with weaker suppression or no suppression in s. l-m (Figs. 4-7) . The simulation showed the capability to sequentially learn or recall pairs of activity patterns arriving from region CA3 and the entorhinal cortex. Internal feedback regulation of cholinergic modulation within the simulation allowed the network to respond to unfamiliar pattern pairs with dynamics appropriate for learning, while responding to familiar pattern pairs with dynamics appropriate for recall. When presented with input in region CA3 alone, the network showed the capacity to recall the previously Neuronal output is shown across 60 simulation steps during sequential presentation of pairs of input patterns to a simple network with three neurons in each region. The center column shows the output of each of the three neurons in region CA3, in region CA 1, and in the entorhinal cortex (EC). Size of black squares indicates magnitude of output. In the left column, the level of cholinergic suppression of synaptic transmission in s. rad is shown to vary between 0.8 and 0.0 depending upon feedback regulation from CA1 output. In the right column, the pair number for the input patterns is shown, along with an indication of which components of each pair are being presented. In steps O-4, presentation of the CA3 portion of pair 1 elicits no activity in region CA 1, and cholinergic suppression remains strong. In steps 5-9, presentation of both the CA3 and EC portion of pair 1 elicits activity in region CAl, causing strengthening of synapses in s. rad and a decrease in choline& modulation as the association is learned. In steps 10-14, presentation of the CA3 portion alone now causes a decrease in cholinergic suppression, allowing recall of the activity in CA1 previously induced by the associated input from EC. Note that during presentation of a second pair in steps 30-34, cholinergic suppression initially remains high, allowing the network to learn the new association without interference from the previous association (see Results for further description). Figure 4 will be discussed for each set of simulation steps.
Steps O-4. In the first five simulation steps, the network was presented with only the CA3 portion of pattern pair 1. This caused two neurons in region CA3 to show output, but the cholinergic suppression of synapses with random initial connectivity in s. rad prevented this output from causing activity in region CA 1.
Steps 5-9. In the next five simulation steps, both portions of pattern pair 1 were presented, causing two neurons in region CA3 and two neurons in entorhinal cortex to show output. The input from entorhinal cortex brings two neurons in region CA1 up around firing threshold, and the input from region CA3 is sufficient to cause some output. Since L, was the identity matrix, these two neurons matched the pattern of activity in EC. The learning rule then increased the strength of the R,, synapses between the active neurons in region CA3 and the active neurons in region CA 1. As the strength of these synapses increased, they increased the output of region CAl, until the CA1 output was sufficient to decrease cholinergic modulation ($). As cholinergic modulation decreased, the suppression of s. rad was removed, allowing strong output in region CAl.
Steps 10-14. The network was again presented with only the CA3 portion of pattern pair 1. Previously, this was insufficient to activate neurons in region CA 1, but after the learning in steps 5-9 the strengthened synapses matched the activity in CA3 and were able to activate the associated activity pattern in region CAl. This initial input was sufficient to decrease cholinergic modulation, allowing the network to recall the previously associated pattern of entorhinal cortex activity.
Steps 15-19. Here the network was presented with only the EC portion of pattern pair 1. Since the s. l-m synapses were weak and there was strong feedforward inhibition, this input alone only moderately activated the neurons in region CA1 * causing insufficient activity to decrease the cholinergic modulation. Thus, the simulation showed the same weak influence of s. l-m inputs on CA 1 pyramidal cell activity as demonstrated in physiological experiments (Andersen et al., 1966; Yeckel and Berger, 1990; Colbert and Levy, 1992) but showed that even this weak input could be an important guiding influence when combined with input from CA3.
Steps 20124. Repeated presentation of both components of pattern pair 1 showed that once the network had learned a pattern pair, it responded to that pattern pair as familiar. Note that cholinergic modulation was immediately turned off in response to this repeated presentation, allowing appropriate dynamics for recall.
Steps 25-29. The network did not perform recall in response to an unfamiliar pattern. Here, the CA3 portion of pattern pair 2 was presented. Although this CA3 activity overlapped with the CA3 activity of pattern pair 1, it did not sufficiently activate neurons in region CAl. Cholinergic modulation stayed high, and the network did not perform recall.
Steps 30-34. Presentation of both components of pattern pair 2 allowed learning of this pattern pair. Here selective cholinergic suppression of synaptic transmission was particularly important for associative memory function. Initially, for this unfamiliar pattern, cholinergic suppression of s. rad was high. This decreased the spread of activity across previously modified synapses in s. rad, allowing the input from entorhinal cortex to determine the pattern of activity. As the synapses of s. rad were strengthened, greater output in region CA1 decreased the cholinergic modulation, allowing greater activity. Thus, cholinergic suppression in s. rad prevented possible interference from previous associations until the new information was learned accurately.
Steps 35-39. After learning of pattern pair 2, presentation of the CA3 portion of the previously learned pattern pair 1 directly evoked the previously associated pattern of EC input.
Steps 40-44. Subsequent presentation of the CA3 portion of pattern pair 2 evoked the associated pattern of EC input for pattern pair 2.
Steps 45-49. Presentation of only the EC portion of pattern pair 2 caused little output from the pyramidal cells of region CAl.
Steps 50-54. Presentation of the familiar pattern pair 2 immediately suppressed cholinergic modulation, decreasing leaming in response to this familiar pattern pair.
Steps 55-59. Presentation of the familiar pattern pair 1 also suppressed cholinergic modulation. At this point, it could be said that the network recognized the two learned input pattern pairs.
Feedback regulation of selective cholinergic suppression for learning and recall As shown in Figure 4 , feedback regulation of cholinergic modulation allowed the network to internally determine appropriate dynamics for learning or for recall. If the pattern presented to region CA3 was part of a previously learned pattern pair, then the initial response in region CA1 would be strong, decreasing cholinergic modulation and allowing strong recall of the previously associated pattern of activity. If the pattern presented to region CA3 was not part of a previously learned pattern pair, then the initial response in region CA1 would be weak, and cholinergic modulation would maintain the appropriate dynamics for learning the new pattern until sufficient synaptic modification allowed the network to shut down cholinergic modulation.
The laminar selectivity of the cholinergic suppression of synaptic transmission was important for setting the appropriate dynamics for learning and recall. As shown in Figure 4 , with strong cholinergic suppression of synaptic transmission in s. rad, the pattern of activity in entorhinal cortex set the pattern of postsynaptic activity in region CAl, while the presynaptic activity at connections R,, was determined by the pattern in region CA3. For unfamiliar pattern pairs, this allowed clean storage of an association between the individual pairs of patterns. When the pattern presented was familiar, suppression of synaptic transmission was decreased by feedback regulation, and presentation of patterns of activity to region CA3 elicited the associated pattern of activity in region CA1 with little interference from other associations.
Different relative magnitudes of choline& suppression caused problems with performance, as shown in Figure 5 for the initial part of the same pattern sequence presented in Figure 4 . Figure  5A illustrates the breakdown of function with weak cholinergic suppression of synaptic transmission in s. rad (C, = 0.4) coupled with no suppression of synaptic transmission in s. l-m (CL = 0.0). With weak cholinergic suppression of synaptic transmission in s. rad, synaptic transmission at the Schaffer collaterals altered the pattern of postsynaptic activity in region CAl, altering the pattern determined by entorhinal cortex input. This recall of previously stored associations during learning of new patterns caused the network to show poorer performance. Effects at individual simulation steps are discussed below.
Steps O-4. With weak cholinergic suppression of synaptic transmission in s. rad, presentation of the CA3 portion of pattern pair 1 caused activity to immediately spread along the synapses into region CA1 . Since these synapses had random initial connectivity, they induced a random, distributed pattern of activity in region CAl. Synaptic modification then strengthened an association between this activity and the activity in region CA3. (Here s. rad synapses are the predominant influence on postsynaptic activity, thereby causing them to undergo self-organization.)
Steps 5-9. Subsequent presentation ofboth portions ofpattem pair 1 could not set the pattern of activity in CA1 to the EC input.
Steps 10-14. Even after presentation of both components of the pattern, presentation ofthe CA3 component activated region CA1 in a distributed manner.
Steps 1.5-34. Similar difficulties occurred during subsequent simulation steps. Figure 5B shows the breakdown in function with strong cholinergic suppression in s. l-m (CL = 0.8) along with strong cholinergic suppression in s. rad (C, = 0.8). Here the synaptic transmission in s. l-m was not sufficiently strong to guide the learning of associations in region CAl.
Steps O-4. With strong cholinergic suppression of synaptic transmission in s. rad, presentation of the CA3 portion of pattern pair 1 did not induce activity in CAl.
Steps 5-9. In contrast to Figure 4 , even when both portions of pattern pair 1 were presented, cholinergic suppression in both s. l-m and s. rad prevented sufficient activity from developing in region CAl. In this case, very little synaptic modification occurred, and cholinergic modulation remained strong.
Steps 10-14. Subsequent presentation of the CA3 portion of pattern pair 1 did not elicit the associated pattern of EC activity.
Steps 15-34. Similar difficulties occurred for subsequent simulation steps. Figure 4 . Neuron output is shown across 35 simulation steps during sequential presentation of the same patterns as in Figure  4 . Note that weak suppression in s. rad allows synaptic transmission in s. rad to interfere with effective associative memory function. In steps O-4, with presentation of the CA3 portion of pair 1, activity spreads into region CA3, causing synaptic modification and suppression of cholinergic modulation, despite the lack of any input to be associated. In steps 5-9, during presentation of both parts of pair 1, synaptic transmission at previously modified synapses interferes with learning of the association. Similar interference occurs during presentation of pair 2 in steps JO-34 (see Results). B, Memory function also breaks down with strong cholinergic suppression in both s. l-m (CL = 0.8) and s. rad (C, = 0.8). In this case, strong suppression in s. l-m prevents activity in EC from setting the activity to be learned in CAl. In steps 5-9, during presentation of both parts of pair 1, very little activity is induced in region CAl, preventing the modification of synapses in s. rad and allowing cholinergic suppression to remain strong (see Results for further description).
Performance at a range of magnitudes of suppression in s. l-m and s. rad Selective cholinergic suppression of synaptic transmission in s. rad but not s. l-m was essential for effective heteroassociative memory function in a larger network simulation of region CAl. This larger simulation contained 30 neurons in each region and was tested on the storage of five pairs of overlapping input patterns. These pairs of overlapping input patterns were pre- In a larger simulation of region CA1 with storage of more pairs of input patterns, strong cholinergic suppression in s. rad (CR = 0.8) coupled with no cholinergic suppression in s. l-m (CL = 0.0) still allows effective heteroassociative memory function. Neuronal output is shown across 80 simulation steps in a network with 30 neurons in each region during sequential presentation of five pairs of input patterns with six active neurons in each pattern. Here the network is presented twice with each pair of input patterns. As seen in the left column (ACh), the cholinergic suppression of synaptic transmission in s. rad is high during initial presentation of novel input pattern pairs 1 and 2 and decreases as these patterns are learned. Subsequent presentation of the familiar pattern pair 1 decreases cholinergic suppression, allowing recall. Across subsequent simulation steps, cholinergic modulation increases for presentation of novel pairs, and is decreased during presentation of familiar pairs. In the last five presentations, only the CA3 portion of each pattern pair is presented. In these cases, the network accurately recalls the previously associated input pattern from entorhinal cortex (EC). Computation of the performance measure for these last five presentations yields a performance measure of 0.86.
sented sequentially, as shown in Figure 6 , with a final evaluation of recall performance during sequential presentation of only the CA3 portion of each of the five pairs of patterns. that as each new pair of input patterns is presented, the network responded appropriately dependent upon the novelty or familiarity of the pair. For novel patterns, cholinergic suppression remained high, and the network learned the pattern as a new association. For familiar patterns, cholinergic suppression decreased, and the network recalled the pattern as a previous association. At the bottom of the figure, when only the CA3 portion of each pair was presented, the network responded to each pattern with the associated EC input pattern, with no interference between patterns, and only one missing component. The performance measure was computed for the last five presentations (CA3 only). For each CA3 input pattern, the normalized dot product was computed for the activity in region CA1 compared with the previously associated EC input pattern. In addition, the average normalized dot product of region CA1 activity with other EC input patterns was subtracted from this measure. For the magnitudes of cholinergic suppression shown in Figure 6 , the performance measure was 0.86, reflecting the fact that the network effectively recalled all of the EC input patterns except for one component in pattern pair 5. The performance measure was computed across the full range of magnitudes of cholinergic suppression in s. l-m and in s. rad, as shown in Figure 7 . With the same initial conditions, the network was tested at magnitudes ranging from 0.0 to 1.0 for both CL and C,. For each magnitude, the network was presented sequentially with the full range of pairs of input patterns, as shown in Figure 6 . The recall of the network was evaluated by computing the performance measure P for CA1 activity in response to the CA3 portion of each pattern pair. The performance measure P is plotted on the z-axis in Figure 7 , with cholinergic suppression of synaptic transmission in s. rad on the x-axis and suppression of synaptic transmission in s. l-m on the y-axis. Higher performance measure values have lighter shading. Note that for most values of cholinergic suppression, the performance was quite poor (0.0). The best performance (P > 0.8) was obtained with strong maximal cholinergic suppression in s. rad (C, = 0.575-0.8) and weak maximal suppression in s. l-m (CL = 0.0-0.425). On the left, when suppression in s. rad was weak, the network responded with broadly distributed activity in region CA 1. The recall of all patterns caused a low performance value. On the right, when suppression in s. rad was too strong, the network could not generate sufficient activity in region CA1 to decrease cholinergic modulation and allow recall. With little activity in region CA 1, the performance measure was low. Note that good performance occurred only when suppression in s. l-m was weaker than suppression in s. rad. That is, the good performance (lighter shading) appears only above the gray line marking equal suppression in both layers (C, = C,). Performance was consistently highest when suppression in s. l-m was considerably weaker than suppression in s. rad. For values where maximal suppression in s. l-m was larger than maximal suppression in s. rad (bottom of plot), the suppression of synaptic transmission in s. l-m prevented the input from the entorhinal cortex from setting activity in region CA1 such that an association could be learned accurately. Thus, the results from the simulation predict that for the best heteroassociative memory function within the network, region CA1 of the hippocampal formation should demonstrate strong cholinergic suppression of synaptic transmission in s. rad and relatively weaker cholinergic suppression of synaptic transmission in s. l-m.
In Figure 7 , the white line shows the dose-response plot obtained in the experimental work for the effect of cholinergic modulation on synaptic transmission in s. rad and s. l-m. Note that the plot of experimental data crosses the region of maximal performance. This plot will be discussed further in the following section.
Brain slice physiology Carbachol effects
As predicted by the simulation, experimental results demonstrated that the cholinergic suppression of synaptic transmission was stronger in stratum radiatum than in stratum lacunosummoleculare. Perfusion of the cholinergic agonist carbachol(lO0 PM) consistently caused a greater decrease in the slope and peak amplitude of the EPSP in s. rad. than of the EPSP in s. l-m. This difference in suppression appeared consistently for EPSPs recorded in the same slice during the same perfusion. However, there was some suppression of the EPSPs recorded in both layers. These results are illustrated in sequences of recordings taken during 100 PM carbachol trials (Fig. 8) S. Lacunosum-Moleculare S. Radiatum
Wash -, *G Figure 8 . The cholinergic agonist carbachol suppresses synaptic potentials stimulated and recorded in stratum radiatum (s. rad) more strongly than synaptic potentials stimulated and recorded in stratum lacunosum-moleculare (s. l-m) of the same slice during the same experiment. The differential effect of the choline@ agonist carbachol is shown for two different experiments. Recordings in the two layers were taken before, during, and after perfusion of 100 FM carbachol. A, In this slice, the slope of the s. rad EPSP was suppressed by 90.7%, while the slope of the s. l-m EPSP was suppressed by only 46.0% during the same perfusion. B. In this slice, the slope of the s. rad EPSP was suppressed by 87.6%, while the slope of the s. l-m EPSP was suppressed by only 54.6%. Fiber potentials remained stable during carbachol perfusion in both layers in both slices. Potentials recovered after 20 min of ACSF wash.
of the EPSP was decreased by a greater amount in the recordings from s. rad [89.1 + 3.0% (&SE) reduction] than in the recordings obtained in the same slices from s. l-m (40.1 f 4.1%). Similarly, the mean suppression of the peak EPSP amplitude in s. rad at this concentration of carbachol was 87.6 f 1.81% (n = 13) while the mean suppression of the EPSP amplitude recorded in s. l-m during the same set ofexperiments was only 53.1 + 3.92% (n = 13). A paired t test demonstrated significant differences between the two layers in the cholinergic suppression of both EPSP amplitude (t = 7.46, df = 12; p < 0.0001) and slope (t = 11.7, df = 12; p < 0.0001). The results obtained from the 100 PM carbachol perfusions are summarized in Figure 9 . The differential effect of carbachol was consistent for all slices tested, although there was a variation between slices in the exact percentages. The carbachol effect was also reversible in both layers, requiring approximately 15-30 min to achieve maximum wash. . Slope and amplitude of potentials are plotted as mean percentage of control response during control conditions, during perfusion of 100 PM carbachol, and after washout of carbachol. Error bars represent SE. In 13 experiments for each layer, both the EPSP slope and amplitude were suppressed more strongly in s. rad than in s. l-m. EPSP slope shows a slightly greater differential effect in response to carbachol than EPSP amplitude. ACSF washes restored both the slopes and amplitudes to approximately their former levels.
In both of these layers, the fiber potential was relatively unaffected, decreasing by a mean of 17.6% in s. rad and 16.4% in s. l-m during perfusion with 100 FM carbachol. The effects of perfusion with carbachol were tested at concentrations ranging from 0.01 PM to 500 PM with concurrent recording from both s. rad and s. l-m. For each concentration, experiments in five slices were performed, except for 100 PM, for which 13 experiments were performed. The suppression of synaptic transmission was significantly different between the layers at concentrations of 10 FM or larger. The dose-response plot for the effects of carbachol on the height of synaptic potentials in both layers of CA1 is shown in Figure 10 . The IC,, for carbachol was estimated by interpolating between the data points on either side of 50% suppression for the effect measured in either layer, yielding an IC,, = 7.33 FM for s. rad and IC,, = 89.89 PM for s. l-m. The difference in these values reflects the fact that a considerably higher concentration of ACh would be required for the same influence on synaptic transmission in s. l-m as opposed to s. rad.
For comparison with the model, the dose-response was plotted on the performance measures plotted for different magni- The proportion of the EPSP amplitude conserved is on the y-axis (percentage of mean baseline response), while the concentrations are plotted logarithmically on the x-axis. Standard error bars are included for each mean response. Differential effects of carbachol application are most prominent at doses above 1 PM, where the two dose-response plots diverge from one another. This data is also plotted in Figure 7. tudes of suppression in the simulation (Fig. 7) . As can be seen in Figure 7 , the dose-response plot is in the upper portion of the graph, reflecting the weaker suppression in s. l-m than s. rad, and the experimental data crosses a region of good performance in the model. Note that the data points in the experimental dose-response plot are slightly different than the points in Figure 7 , since Figure 7 shows performance for different values of maximal cholinergic suppression. This suggests that if the parameters of the simulation adequately reflect the parameters of cortical function, then the maximal ambient levels of ACh in region CA1 might be just over 10 WM. These concentrations of the dose-response plot would correspond to a region with performance measure values over 0.8 in Figure 7 .
Muscarinic antagonism of cholinergic suppression The effect of carbachol appears to be mediated by muscarinic ACh receptors, since perfusion with the specific muscarinic antagonist atropine for 10 min prior to carbachol perfusion blocks the cholinergic effects in both layers (see Fig. 11 ). In each of these slices (n = 5) a 100 FM carbachol suppression was performed and washed prior to testing atropine at a concentration of 1 .O PM. In all of these slices, carbachol had a characteristic effect prior to atropine perfusion, but had no suppressing effect after atropine perfusion. These data are summarized in Figure  12 .
Atropine itself did not appear to have any consistent effect on the EPSPs after washout of carbachol, although in several cases it raised the EPSP from a partially successful wash (of -8590% of control amplitudej to a full return of the control signal. This implies that there may be a sustained effect of carbachol which does not always wash fully under normal condi-
-Lf---- Figure 11 . Atropine blocks the suppression of synaptic transmission by carbachol. A, During recording from both s. l-m and s. rad in the same slice, synaptic potentials were recorded before, during, and after perfusion with carbachol (100 PM) to show the selective cholinergic suppression of synaptic transmission. After this effect was washed, the slices were perfused with 1 .O PM atropine for 10 min, and then perfused with a solution containing both 1 .O PM atropine and 100 PM carbachol. Atropine blocked the effects of carbachol on synaptic transmission in both layers, indicating that cholinergic suppression in both layers is mediated by muscarinic ACh receptors.
tions. The effect of carbachol during atropine perfusion was insignificant. In 1 .O PM a&opine, perfusion of 100 WM carbachol resulted in a mean 0.31 f 1.69% increase in the EPSP amplitudes in s. l-m and a suppression of 1.2 f 6.67% in s. rad. This compares to a mean suppression induced by carbachol before a&opine (in the same slices) of 5 1.3% and 90.4% for s. l-m. and s. rad, respectively. Paired t tests on the EPSP peaks measured in atropine and during carbachol after atropine yielded no significant difference between the two groups. The slight shift in responsiveness over the later portions of these graphs appeared to be due to gradual changes in experimental conditions rather than a specific effect of atropine.
Bicuculline All of the above experiments were conducted in the presence of 20 PM bicuculline. Because of its ubiquitous use in this series of experiments, the effects of bicuculline on the recorded potentials were documented. In these experiments, the field potentials were allowed to stabilize for a long period before perfusion with bicuculline and were compared to the potentials recorded in bicuculline. In seven out of 12 such cases, bicuculline administration caused the stimulation of s. rad to evoke population spike activity. This spiking was either a burst (several population spikes) or it did not occur at all. The EPSP slope increased an average of 160.9 f 111.1% in s. l-m in response to bicuculline, while the slope of s. rad responses increased by only 25.8 -t 7.0%. The EPSP amplitudes recorded in s. l-m were increased by 89.0 f 30.2%, and these could be reliably measured because perforant path stimulation did not evoke population spikes at any of the stimulation values used. The mean control EPSP amplitude for s. rad was -0.683 mV in slices where perfusion with bicuculline evoked population spiking, while the mean was -0.378 mV in slices where perfusion did not result in any population spiking. The fiber volleys in both layers did not increase, decreasing 1.8 f 3.6% in s. l-m and 19.9 ? 13.1% in s. rad.
Controls
Several slices (n = 4) were perfused with a low-calcium/highmagnesium ACSF in order to verify the EPSP signals. In all trials, the low-calcium solution abolished the EPSP component of both the s. rad and s. l-m signals without significantly affecting the magnitude of the fiber volley. This was taken as evidence that the EPSP components of the signals were indeed reflecting synaptically mediated events. TTX was also applied to several slices (n = 17), and in each case both the fiber volley and the EPSP components of both signals completely disappeared.
Discussion
Selective cholinergic suppression of synaptic transmission in CA1 The simulations of region CA1 (Figs. 4-7) show that if the Schaffer collaterals store associations during cholinergic modulation, this requires greater cholinergic suppression of synaptic transmission in stratum radiatum (s. rad) than in stratum lacunosum-moleculare (s. l-m). Brain slice experiments indicate that there is in fact a difference in the magnitude of cholinergic suppression of synaptic transmission between the two fiber lay-ers of region CAl. As illustrated in Figures 8-12 , there is a strong cholinergic suppression of synaptic transmission in s. rad, and a comparatively weaker cholinergic suppression in s. l-m. These results support the hypothesis that cholinergic modulation in region CA1 allows the Schaffer collaterals to store associations between activity in region CA3 and the afferent input from entorhinal cortex layer III. In addition, these results suggest that feedback regulation of cholinergic modulation may set the appropriate dynamics for learning or recall in cortical networks.
The effects of cholinergic modulation on synaptic transmission in stratum lacunosum-moleculare have not previously been characterized. The excitatory synaptic input to this region has not been the focus of much physiological research (see Colbert and Levy, 1992, for review) , in contrast to the broad range of studies performed in stratum radiatum. However, previous physiological studies have demonstrated synaptic activation in region CA1 with stimulation of the perforant path input to s. l-m (Andersen et al., 1966; Weight, 1982, 1985; Yeckel and Berger, 1990; Colbert and Levy, 1992a,b; Levy and Colbert, 1992) and anatomical studies have shown afferent input to stratum lacunosum-moleculare arising from layer III of the entorhinal cortex (Lorente de No, 1938; Steward, 1976; Witter et al., 1988) . In the models presented here, this separate afferent input is essential if the Schaffer collaterals are to show associative memory function. As shown in the simulations, the s. l-m input need not have a strong influence on CA1 activity when studied in isolation. Input from the entorhinal cortex alone caused only moderate activity in CA 1 neurons, but when combined with activity in region CA3, this input could effectively guide learning of associations by the Schaffer collaterals. In agreement with these results, anatomical evidence shows that the s. l-m receives very little cholinergic innervation from the medial septum (Lynch et al., 1978; Green and Mesulam, 1988; Palacios and Mengod, 1989) suggesting that the effects of ACh on the synapses of s. l-m in vivo may not even be as strong as the suppression demonstrated in these experiments. A similar laminar selectivity has been demonstrated for the effects of baclofen in region CA1 (Colbert and Levy, 1992a) .
The effects of cholinergic modulation in stratum radiatum are consistent with observations made in previous studies (Hounsgaard, 1978; Valentino and Dingledine, 198 1; Rovira et al., 1983; Dutar and Nicoll, 1988; Sheridan and Sutor, 1990) . Thus, considerable physiological evidence supports the strong cholinergic suppression of synaptic transmission in s. rad that provides optimal heteroassociative memory function in the simulation. However, the dose-response plot presented in Figure 10 for the effects on synaptic transmission in s. rad differs somewhat from that obtained by Sheridan and Sutor (1990) . Their curve showed a 90% suppression at 10 KM carbachol, a result obtained only for 100 PM concentrations in this experiment. Other experiments on stratum radiatum did not display dose-response plots (Hounsgaard, 1978; Valentino and Dingledine, 198 1; Rovira et al., 1983; Dutar and Nicoll, 1988) usually because ACh was applied iontophoretically to local regions of CAl, preventing accurate estimates of drug concentration (Hounsgaard, 1978; Valentino and Dingledine, 198 1; Rovira et al., 1983) . The ability of atropine, a specific muscarinic receptor antagonist, to block the cholinergic effects on synaptic transmission indicates that the suppression in both layers is mediated by muscarinic receptors. This specificity has previously been demonstrated in s. rad (Valentino and Dingledine, 1981; Dutar and Nicoll, 1988; Sheridan and Sutor, 1990 ).
Function of the Schaffer collaterals in hippocarnpal models
The simulations and experimental results presented here support the hypothesis that the Schaffer collaterals store associations between activity in region CA3 and the afferent input from entorhinal cortex (Levy, 1989; Eichenbaum and Buckingham, 1990; Levy et al., 1990; McNaughton, 199 1) . While these results provide necessary support for the hypothesis, they do not rule out all other models of the function of region CAl. However, this evidence does run contrary to the hypothesis that the Schaffer collaterals exclusively undergo competitive self-organization (Rolls, 1991) . The latter hypothesis neglects evidence for the direct perforant pathway projection from entorhinal cortex to region CA 1. When this pathway is included in models, the change in influence mediated by cholinergic modulation suggests associative memory function of the Schaffer collaterals, though these synapses may undergo self-organization when cholinergic modulation is weak. The evidence presented here suggests that the input from entorhinal cortex to region CA 1 is equal in importance to the Schaffer collaterals, and could be vital for understanding the significance of the broadly studied phenomenon of long-term potentiation in stratum radiatum (Gustafsson and Wigstrom, 1988) . Further development of simulations such as this will be essential to linking the anatomical and physiological features of hippocampal function to more abstract theories proposed for the function of the hippocampus (Wickelgren, 1979; Levy, 1989; Levy et al., 1990; McClelland et al., 1992; Carpenter and Grossberg, 1993; Gluck and Myers, 1993) . Convergence to a satisfactory description of the full range of data on hippocampal function will depend upon constraining models with anatomical and physiological data.
The selectivity of cholinergic suppression within region CA 1 has particular significance in relation to physiological evidence that the input from entorhinal cortex to region CA1 is rather weak (Andersen et al., 1966; Colbert and Levy, 1992) . In the experimental work presented here, s. l-m stimulation caused relatively small synaptic potentials, while s. rad stimulation easily evoked large EPSPs and population spikes. These results suggest that each of the fibers from region CA3 forms a much larger number of synapses on pyramidal cell dendrites than do the perforant path fibers in s. l-m. This connectivity difference might arise if synapses in s. l-m undergo self-organization, with mechanisms minimizing the number of synaptic contacts. In contrast, associative memory function of synapses in s. rad would require a greater number of smaller synaptic influences. Greater cholinergic suppression of synaptic transmission in s. rad than s. l-m might allow input from the entorhinal cortex to be the predominant influence on CA 1 activity during learning, allowing self-organization of the synapses of s. l-m with heteroassociative memory function of the synapses of s. rad. In addition, suppression of voltage-and calcium-dependent potassium currents in CA 1 pyramidal cells will make these neurons more likely to fire action potentials in response to s. l-m input (Madison and Nicoll, 1984; Madison et al., 1987) . Combined with the suppression in s. rad, this may increase the length constant of dendritic trees, further increasing the influence of the more distal s. l-m synapses (Witter et al., 1988) .
Feedback regulation of cholinergic modulation sets appropriate dynamics for learning or recall These are the first simulations to incorporate internal feedback regulation of cholinergic modulation. Most previous simula-tions of cortical memory function externally determine whether the network will respond to a stimulus as novel or as familiar. In particular, associative memory models set very different dynamics for learning of novel stimuli and recall of familiar stimuli (Anderson, 1983; Amit, 1988; Kohonen, 1988) . Here this distinction between learning and recall can be regulated by the influence of cortical activity on 'the level of cholinergic modulation. For more familiar stimuli, the level of ACh decreases, and network activity depends less on external input and more on the recall of previous associations. For novel stimuli, the level of ACh increases, and network activity depends more on external input than recall activity, setting appropriate dynamics for learning. This simulation suggests a continuum between learning and recall, with potential intermediate states in which partial recall could speed new learning. The feedback regulation of the dynamics of learning and recall depends upon the combination of a number of different neuromodulatory influences of ACh. These simulations are the first to incorporate influences of cholinergic modulation on inhibitory synaptic transmission (Pitler and Alger, 1992) and on the rate of synaptic modification (Blitzer et al., 1990; Barkai et al., 1993; Huerta and Lisman, 1993) . Previous simulations have explored the effect of cholinergic modulation of synaptic transmission  present results) and neuronal adaptation (Barkai and Hasselmo, 1994a; .
The selective cholinergic suppression of synaptic transmission was previously demonstrated in the piriform cortex and its significance for autoassociative memory function has been extensively studied in models of the piriform cortex, using analytical representations (Hasselmo, 1993 (Hasselmo, , 1994 biophysical compartmental simulations (Barkai and Hasselmo, 1994a,b; ) and more abstract computational models Hasselmo, 1993 Hasselmo, , 1994 . In addition, the cholinergic suppression of neuronal adaptation has been demonstrated in the piriform cortex (Tseng and Haberly, 1988; Barkai and Hasselmo, 1994a) and has been shown to enhance associative memory function in biophysical compartmental simulations (Barkai and Hasselmo, 1994b; . Cholinergic modulation in the piriform cortex may make afferent fibers from the olfactory bulb the predominant influence during learning in piriform cortex, allowing these fibers to undergo self-organization while intrinsic fibers have associative memory function (Hasselmo, 1994) . The results presented here, along with previous analytical work (Hasselmo, 1994) show that these results apply to heteroassociative memory function as well.
Insufficient cholinergic suppression of synaptic transmission during learning can allow runaway synaptic modification of excitatory synapses Barkai and Hasselmo, 1994b; Hasselmo, 1993 Hasselmo, , 1994 . This phenomenon has been suggested to underlie the progression of neuronal degeneration in cortical structures in Alzheimer's disease (Hasselmo, 1994) . Runaway synaptic modification can occur at the s. rad synapses in the simulation presented here. However, the pyramidal cells of region CA3 show relatively less formation of neurofibrillary tangles in Alzheimer's disease, whereas pyramidal cells of region CA1 near the border of the subiculum show early appearance and high density of neurofibrillary tangles (Hyman et al., 1987) . This suggests that the greater sensitivity of CA1 pyramidal cells to development of neurofibrillary tangles may be due to postsynaptic influences of runaway synaptic modification (e.g., excitotoxicity), or that the runaway synaptic modification may chiefly occur on the synapses projecting from region CA1 back to the subiculum and entorhinal cortex. Interestingly, in some cases of Alzheimer's disease, increased levels of cholinergic marker enzymes appear in s. l-m of region CA1 and the subiculum (Hyman et al., 1987) . This suggests that a possible compensatory mechanism to reduce runaway synaptic modification in Alzheimer's disease might be to increase the cholinergic suppression in s. l-m. As shown in Figure 5B , this will slow the rate of synaptic modification in region CA 1.
The results presented here are relevant to a more abstract model of cortical function termed Adaptive Resonance Theory, or ART (Carpenter and Grossberg, 1993 ). An important feature of those models concerns the solution of the stability/plasticity dilemma. To avoid instability in the formation of categories, a component of ART networks termed the orienting subsystem compares input with previously learned categories. If the match does not exceed a criterion level, a new category is formed. The architecture and implementation of these networks are considerably different from the simulations presented here of region CAl, but the computational issues are similar. The orienting subsystem has been presented previously as a theoretical description of the role of the hippocampus in cortical function (Carpenter and Grossberg, 1993) .
Anatomy and physiology of the feedback regulation of cholinergic modulation The simulation presented here describes a possible function for the feedback regulation of cholinergic modulation in the hippocampus. The cholinergic modulation of region CA1 arises from the medial septum and the vertical limb of the diagonal band of Broca (Frotscher and Leranth, 1985) . For many years, this modulation was considered to be under inhibitory control from the lateral septum, since circumstantial anatomical evidence suggested that cholinergic neurons of the medial septum received GABAergic input from the lateral septum (Leranth and Frotscher, 1989) . This would allow increased hippocampal activity to downregulate cholinergic modulation, since CA1 and CA3 pyramidal cells project fibers to the lateral septum (Swanson and Cowan, 1979) forming asymmetric (presumably excitatory) connections onto the cells located there (Leranth and Frotscher, 1989) . However, recent evidence suggests that the medial septum may not be under direct inhibitory control by the lateral septum (Leranth et al., 1992) . Instead, the medial septum appears to receive direct inhibitory projections from regions CA3 and CA1 of the hippocampus (Toth et al., 1993) .
Physiological studies have demonstrated that stimulation of efferent fibers of the hippocampus in the fimbria inhibits the activity of neurons in the medial septum (McLennan and Miller, 1974a,b) . Significantly, Givens and Olton (1990) have found that GABAergic inhibition in the medial septum, evoked by in vivo infusions of the GABA, agonist muscimol, impaired working memory in ways similar to those caused by blocking cholinergic modulation in the hippocampus. Inactivation of the medial septum with lidocaine has been shown to impair working memory without significantly changing spatial selectivity or mean discharge rate of region CA1 neurons (Mizumori et al., 1989) suggesting that this manipulation may set the dynamics of CA1 activity to constant recall. With medial septum inactivation, removal of the cholinergic suppression of synaptic transmission in s. rad allows completion of sparse CA3 activity to drive CA1 neurons, but may lock the network into a state of recall, preventing new information from being incorporated.
Further experiments are necessary to test this model of the feedback regulation of cholinergic modulation. The model predicts that cholinergic neurons of the medial septum should be selectively active during presentation of novel stimuli. Recordings from neurons of the diagonal band in monkeys during serial presentation of objects have demonstrated neurons in this region with selective responses to novel but not familiar stimuli (Wilson and Rolls, 1990) . Further experiments are necessary to verify that medial septal activity will start high and decrease during learning. In addition, experiments should test the hypothesis that medial septal cholinergic output will be lowest when CA1 contains strong but relatively sparse activity.
Cholinergic modulation in other cortical areas ACh may have similar modulatory effects in all cortical regions. In addition to region CA1 and the piriform cortex, cholinergic suppression of synaptic transmission has been demonstrated in other hippocampal regions, including the dentate gyrus (Yamamoto and Kawai, 1967; Kahle and Cotman, 1989) and region CA3 (Valentino and Dingledine, 198 1; Williams and Johnston, 1990) . In the dentate gyrus, Kahle and Cotman (1989) demonstrated a 50% suppression of synaptic transmission in the middle molecular layer at 100 PM carbachol, with no suppression in the outer molecular layer. The simulations presented here suggest that this selective cholinergic modulation in the dentate gyrus would allow input to the middle molecular layer from the medial entorhinal cortex to have associative memory function, while allowing the lateral entorhinal cortex input to the outer molecular layer to undergo self-organization. It is interesting to note that in these cases of selectivity of cholinergic suppression, the input to the proximal portion of pyramidal cell dendrites has been more strongly suppressed (Kahle and Cotman, 1989; present results) . This suggests that the loss of proximal synaptic currents, and the associated increase in dendritic length constant, may be an important factor in the functional characteristics of these regions.
The innervation of the hippocampal formation from the entorhinal cortex shows a characteristic topography, with fibers from the lateral entorhinal cortex terminating in the portion of CA1 adjacent to the subiculum, and fibers from the medial entorhinal cortex terminating in the portion of CA 1 adjacent to CA3 (Steward, 1976; Steward and Scoville, 1976; Witter et al., 1988) . In the dentate gyrus, fibers from the lateral and medial entorhinal cortex show different pharmacological sensitivity to ACh (Kahle and Cotman, 1989) L-AP4 (Koerner and Cotman, 198 l), and baclofen (Lanthorn and Cotman, 1990) , suggesting that the perforant path innervation of different portions of s. l-m may differ physiologically as well. The experiments presented here involved recording between one-third and one-half of the distance from the subiculum to the border of CA3. However, preliminary experiments did not demonstrate any differences in the sensitivity of synaptic potentials recorded near the border of the subiculum in comparison to potentials recorded near the border of CA3. This lack of a difference is not inconsistent with the results of Kahle and Cotman, since the fibers innervating s. l-m arise from pyramidal cells in layer III of entorhinal cortex (Steward and Scoville, 1976) rather than stellate neurons in layer II.
Cholinergic suppression of synaptic transmission should also be of considerable importance for the function of region CA3, which has been proposed to have an autoassociative-type function dependent upon modification of the longitudinal association pathway synapsing in stratum radiatum (Marr, 197 1; McNaughton and Morris, 1987; Levy, 1989; McNaughton, 199 1; Treves and Rolls, 199 1) . Cholinergic suppression of synaptic transmission has been reported in region CA3 (Valentino and Dingledine, 198 l) , but the laminar selectivity ofthis suppression has not been explored. If region CA3 performs autoassociative storage of patterns determined by input from other regions, this would require weaker suppression of synaptic transmission at the mossy fibers in stratum lucidum and at the perforant path synapses in stratum lacunosum-moleculare, compared to stronger suppression at synapses in stratum radiatum. In addition, region CA3 should have mechanisms for feedback regulation of cholinergic modulation from the medial septum. Suppression of synaptic transmission at the mossy fibers has been reported (Williams and Johnston, 1990 ), but appears to be weaker than the suppression reported in stratum radiatum (Valentino and Dingledine, 198 1) . However, a direct comparison of the level of suppression between stratum lucidum, stratum radiatum, and stratum lacunosum-moleculare in region CA3 has not been presented.
